Introduction
Although the ligand bis(8-quinolinyl)amine, LH, was synthesized long back [1, 2] , the complexation property of LH has been studied only recently to a little extent. The first metal complex of L À was reported to be a tetrahedral copper-complex, [Cu II (L)Cl] [2] . The crystal structure of the complex reveals the presence of a pairwise interaction between the monomeric units in the solid state, where each ionized amine group occupies an apical co-ordination site of the second Cu(II) center producing a square pyramidal geometry around each copper unit. The crystal structure of the lithium complex of L À shows a dimeric structure [Li 2 (L) 2 ] in which the two lithium ions and two bridging amido nitrogen centers join together to form a parallelepiped that bisects the dimeric complex, whereas the corresponding Tl I complex Tl(L) exists in the monomeric form [3] . The ligand L À behaves like a pincer ligand with the divalent Ni 2þ , Pd 2þ and Pt 2þ and the Pt 2þ complex is reported to perform C-H bond activation process of benzene ring in the presence of a base [4] . The metal complexes of L À have been essentially restricted to tetra-coordinated species so far, therefore, the present work primarily deals with the hexa-coordinated Co III (2) complexes, crystal structures of the free ligand (LH), cobalt and copper complexes and their spectral/electrochemical properties.
Experimental

Materials
Cobalt carbonate and copper nitrate were converted into cobalt perchlorate hexahydrate and copper perchlorate hexahydrate, respectively, by using perchloric acid. 8-Amino quinoline and 8-hydroxy quinoline were purchased from Aldrich, USA. Other chemicals and solvents were reagent grade and used as received. For electrochemical studies, HPLC grade acetonitrile was used. Commercial tetraethyl ammonium bromide was converted to pure tetraethylammonium perchlorate (TEAP) by following an available procedure [5] .
Physical measurements
Solution electrical conductivity was checked using a Systronic conductivity bridge-305. Electronic spectra were recorded using Shimadzu UV-160 (1100-200 nm) and UV-2100 (900-200 nm) spectrophotometer. IR spectra were recorded on a Nicolet spectrophotometer with samples prepared as KBr pellets.
1 H NMR spectra were obtained with a 300-MH z Varian spectrometer. Cyclic voltammetric and coulometric measurements were carried out using a PAR model 273A electrochemistry system. A platinum wire working electrode, a platinum wire auxiliary electrode and a saturated calomel reference electrode (SCE) were used in a standard three-electrode configuration. TEAP was the supporting electrolyte and the solution concentration was ca. 10 À3 M; the scan rate used was 50 mV s À1 . A platinum gauze working electrode was used for coulometric experiments. All electrochemical experiments were carried out under dinitrogen atmosphere, and all redox potentials are uncorrected for junction potentials. The elemental analyses were carried out with a Perkin-Elmer 240C elemental analyzer. To a solution of Co(ClO 4 ) 2 Á 6H 2 O (100 mg, 0.273 mmol) in methanol, the ligand, LH (185 mg, 0.682 mmol), was added. The reaction mixture was stirred magnetically for a period of 4 h. The brown colored solid thus obtained was filtered off and washed thoroughly with cold methanol followed by cold water. The product was dried over P 4 O 10 under vacuo. The complex 1 was then recrystallized from benzene-acetonitrile (1:1) mixture. Yield: 124 mg (65%). Anal. Calc. for 1 : C, 61.86; H, 3.46; N, 12.02. Found: C, 61.46; H, 3.58 ( 2) The ligand, LH (156 mg, 0.575 mmol), was added to a methanolic solution of anhydrous copper acetate (50 mg, 0.275 mmol) under stirring condition. The reaction mixture was stirred magnetically for a period of 6 h. The reddish brown colored solid thus formed was filtered off and washed thoroughly with cold methanol followed by cold water. The product was then dried over P 4 O 10 under vacuo. The complex 2 was purified by recrystallization from dichloromethane-hexane (1:1) mixture. Yield: 66 mg (61%). Anal. Calc. for 2 : C, 61.14; H, 3.85; N, 10.69. Found: C, 60.43; H, 4.03; N, 11.12%. 2.3.4. [Zn(N 1 C 9 H 6 -N 2 -C 9 H 6 N 3 ) 2 ] (3) To a solution of Zn(ClO 4 ) 2 Á 6H 2 O (100 mg, 0.268 mmol) in methanol was added LH (160 mg, 0.589 mmol). The reaction mixture was stirred magnetically for a period of 4 h. The red colored solid thus obtained was filtered off and washed thoroughly with cold methanol followed by cold water. The product was dried over P 4 O 10 under vacuo. The complex 3 was then recrystallized from dichloromethane-hexane (1:1) mixture. Yield: 94 mg (58%). Anal. Calc. for 3 : C, 71.35; H, 3.99; N, 13.87. Found: C, 70.66; H, 3.55; N, 14 
X-ray structure determination
The single crystals of LH were grown by slow evaporation of dichloromethane solution of LH. The single crystals of complex 1 were grown by slow diffusion of an acetonitrile solution of it in benzene followed by slow evaporation at 298 K. Single crystals of copper complex 2 were grown by slow diffusion of dichloromethane solution of 2 into hexane followed by slow evaporation at 298 K. The X-ray data were collected on a PC-controlled Enraf-Nonius CAD-4 (MACH-3) single crystal X-ray diffractometer using Mo Ka radiation. Significant crystal data and data collection parameters are shown in Table 1 . The structures were solved by direct method using SHELXS SH ELXS 86 and refined by full-matrix leastsquares on F 2 using SHELXL SHELXL 97 [6] . The X-ray analysis of the complex 1 shows one ClO À 4 anion and half molecule of benzene as solvent of crystallization in the asymmetric unit. The solvent molecule of benzene is found to be highly disordered and hydrogen atoms for this solvent have not been fixed.
Results and discussion
Synthesis and characterization
The ligand bis(8-quinolinyl)amine [N 1 C 9 H 6 -N 2 H-C 9 H 6 N 3 , LH] comprising one dissociable amine proton (N 2 H) has been synthesized from 8-aminoquinoline and 8-hydroxyquinoline following the reported procedure [1, 2] . The direct bonding of N 2 center with the twoelectron-withdrawing quinoline moieties makes the amine proton (N 2 H) in LH substantially acidic. Thus, the NH proton of LH dissociates in acetonitrile-water (1:1) mixture to give the corresponding conjugate base (L À ). In view of that, the UV-Vis spectrum of the free ligand in 1:1 acetonitrile-water fails to show any noticeable changes in spectral behavior on increasing pH. Therefore the pK b of L À of 2.6 has been determined by pH-titration (Fig. 1) . The strong acidic nature of LH facilitates the dissociation of the NH function under normal reaction conditions (Scheme 1). However, in case of peptide bound amide proton [C(@O) -NH] the presence of a base (NaOCH 3 or NaOH) is necessary to deprotonate the -NH proton during metallation process [7] . The complex [Co III (L) 2 ]ClO 4 (1) has been synthesized from Co II (ClO 4 ) 2 Á 6H 2 O and LH in methanol solvent under aerobic condition (Scheme 1). The synthesis of 1 from cobalt (II) starting salt is attained with the metal oxidation. In view of the low Co(III)-Co(II) reduction potential of 1 (see later) it may be logically considered that aerial oxygen is the most probable oxidant [8] . Under a strict dinitrogen atmosphere corresponding cobalt(II) species 1 À can be generated, however, 1 À is found to be oxidized spontaneously in contact with slight amount of air.
The reaction of LH with copper acetate or copper perchlorate in presence of sodium acetate base results in mononuclear tetra-coordinated copper (II) complex of the composition Cu II (L){ À O-C(@O)CH 3 } (2) (Scheme 1). On the other hand, the reaction of zinc perchlorate hexahydrate with the ligand, LH, yields bis-octahedral neutral complex Zn II (L) 2 (3) as like the cobalt complex (Scheme 1).
The cobalt and zinc complexes are diamagnetic and behave as 1:1 conductor and neutral, respectively, in acetonitrile. The electrically neutral copper complex 2 exhibits one-electron paramagnetism (l ¼ 1:87 BM). All the complexes exhibit satisfactory elemental analysis (Section 2).
Crystal structures of the free ligand NC
The formation of LH was confirmed by its crystal structure determination. Crystal structure is shown in 293 (2) 293 (2) 293 (2) The packing diagram of the complex molecule 1 shows several intramolecular C-HÁ Á ÁN and intermolecular C-HÁ Á ÁO hydrogen bonding patterns ( Table 3 ). The O (3) and O(4) atoms of the perchlorate moiety are involved in intermolecular C-HÁ Á ÁO hydrogen bonds, sandwiching the solvent benzene molecule sitting on the symmetry position. The formation of copper complex 2 has been confirmed by its single crystal X-ray structure. The crystal structure is shown in Fig. 4 and selected bond distances and angles are given in Table 2 . The lattice consists of one type of molecule. The square planar geometry around the copper ion in Cu II N 3 O coordination environment is evidenced from the angles subtended around the copper center ( Table 2 ). The planarity of coordinated L À is essentially leading to the square planar ge- 175.3(9)°and 164.5(9)°, respectively. The Cu II -N (quinoline) distances [Cu(1)-N(1), 1.983 (2) A and Cu(1)-N(3), 1.982 (2) A] are reasonably longer than the corresponding Cu(1)-N(2) (ionized amido nitrogen), 1.932 (2) A which reflects the p-donor ability of the ionized amino function. The Cu(II)-N (quinoline) distances are comparable with those of reported Cu(II)-N (quinoline) distances, 1.972-2.033 A [12] . Cu(1)-O(1) (acetate) distance 1.9495(18) A is matched well with the reported data of other Cu(II)-monodentate acetate complexes [13] . It is to be noted that the crystal structure of similar reported tetracoordinated Cu II (L)Cl complex shows dimeric interaction through the ionized sp 2 hybridized amido nitrogen [2] . It was proposed that the filled p z orbital of the sp 2 hybridized amido nitrogen is sufficiently basic to bind to a second copper ion resulting in dimerization. However, any sort of dimerization process has not been observed in the present case which implies that in comparison to the chloro complex the basicity of the amido nitrogen in 2 is significantly less, although the Cu-N(amido nitrogen) distance is almost same in both the complexes [1.932 (2) A in 2 and 1.935 (2) A in the corresponding chloro complex [Cu
Spectral properties
The perchlorate vibrations of 1 appeared at 1093 and 629 cm À1 in the IR spectrum. The 1 H NMR spectra of 1 and 3 in CDCl 3 solvent reveal that half of the individual ligand (L À ) represents the whole molecule due to the presence of internal symmetry (Fig. 5) . The absence of NH proton of LH in the NMR spectra supports the bonding of anionic form of the ligand (L À ) to the metal ion in the solution state as well.
The acetonitrile solution of 1 exhibits multiple intense transitions in the UV-Vis region (Fig. 6(a) (107 000)]. Based on the high intensities of the visible bands the transitions are assigned to be charge-transfer in nature [14] . Since Co(III) is in the low-spin t 6 2g configuration, the visible energy intense bands at 505 and 431 nm are, therefore, assigned as L À ! e g (Co III ) ligand-to-metal charge-transfer transitions [8, 15] . The UV region moderately strong band at 372 nm and strong bands at 292 and 217 nm are presumably due to intra ligand n ! p Ã and p ! p Ã transitions, respectively [16] . The free ligand (LH) also exhibits strong transitions in the UV-region [k max /nm (e/ M À1 cm À1 ): 397(16 100); 264(38 900); 214(44 700) in CH 3 CN (Fig. 6(a) )].
For low-spin octahedral Co(III) complexes having CoN 6 coordination environment the expected two d-d transitions, 1 A 1g ! 1 T 1g and 1 A 1g ! 1 T 2g usually appear near 500 nm and at a higher energy part, respectively (e $ 10-300 M À1 cm À1 ) [17] . Accordingly, the [Co(trpy) 2 ] 3þ and Co(III)-peptide complexes exhibit lowest energy 1 A 1g ! 1 T 1g transition near 500 nm [7a,18] . However, in 1 no such d-d transitions are detected in the UV-Vis region. The appearance of low energy intense charge-transfer transitions possibly have masked the expected weak d-d bands [8,19] . On the other hand 1 exhibits a very weak band at 955 nm (e/ M À1 cm À1 , 11]) ( Fig. 6(a) , inset). The existence of spinallowed d-d band at an energy which is much lower than the observed lowest energy LMCT transition (k ¼ 505 nm) particularly in an environment consisting of potent electron-rich ligand function (L À ) and the metal ion in relatively higher oxidation state (Co 3þ ) is hard to conceive. It may, therefore, be logical to look for the possible correspondence of the 955-nm band with the complexes [17, 20] . The complex 2 exhibits four intense transition in the UV-Vis region (Fig. 6(b The EPR spectrum (Fig. 7) of 2 is recorded in 1:1 chloroform-toluene mixture at 298 K and it displays an equally spaced four-line spectrum (g av , 2.106 and A av , 80 G) due to hyperfine splitting by the copper nucleus (I ¼ 3=2) [21] . (2) have been examined in acetonitrile solvent using platinum wire working electrode (Figs. 8 and 9 ). Cobalt complex 1 displays one quasi-reversible one-electron reductive process E 0 , V ðDE p ; mVÞ at )1.0(100) versus SCE (couple-III) (Fig. 8(a) ) which is assigned to be Co(III) Co(II) couple. The high negative potential (<)1.0 V) of cobalt(III)-cobalt(II) reduction process can account for the preferential stabilization of cobalt ion in +3 oxidation state in 1 under atmospheric conditions. The cobalt(III)-Cobalt(II) reduction potential of the similar bis
Electron-transfer properties
72 V in (CH 3 ) 2 SO and )0.69 V in DMF (acetonitrile data is not available) [22] . The substantial negative shift of Co(III)-Co(II) reduction potential ($0.3 V) while moving from the deprotonated amido complex to the deprotonated amino complex 1 implies the reasonable difference in basicity between the two sp 2 nitrogen centers. Thus, in case of peptide bound amide proton [C(@O) -NH] the oxidation of cobalt(II) to cobalt(III) takes place only via bubbling of air through the reaction mixture and in the presence of a base (NaOCH 3 or NaOH) [22] precluded the isolation of the corresponding cobalt(II) analogue.
The complex 1 also displays two successive quasi-reversible oxidative responses, E 0 , V ðDE p ; mVÞ at 0.64(80) (couple-I) and 0.83(120) (couple-II) (Fig. 8(a) ). The one-electron nature of couple-I is confirmed by comparing its differential pulse voltammetric (dpv) current height with that of the Co(III)-Co(II) couple (couple-III). However, relative to couple-I or couple-III, the dpv current height of couple-II appears to be approximately three times greater.
On scan increment (>50 mV s À1 ), the peaks of the two waves (couples I and II) broaden and merge to a single broad and blunt wave (Fig. 8(b) ). The broadness of the profile of voltammograms particularly at a higher scan rate (>50 mV s À1 ) reveals that the surface based adsorption processes are involved after the usual diffusion controlled based process [23] . In view of this serious electro deposition factor, repeated cleaning of electrode prior to each fresh run is found to be necessary.
The copper(II)-complex 2 shows two successive irreversible oxidation processes E pa at 0.49 and 0.76 V versus SCE at a slower scan rate (20 mV s À1 ) ( Fig. 9(a) ). However, on scan increment the shape of the voltammogram changes and at a higher scan rate (>100 mV s À1 ) it appears to be an overlapping broad wave as like cobalt complex (Fig. 9(b) ). Therefore, similar surface confinement processes are also involved during the oxidation steps particularly at a higher scan rate (>20 mV s À1 ).
The electrogenerated oxidized species decomposes rapidly at room temperature, therefore, further characterization of the oxidized product and subsequent precise assignments of the oxidation processes have not been possible to make.
Since the free ligand (LH) exhibits one irreversible oxidation process at 0.56 V versus SCE in CH 3 CN and +4 oxidation state of cobalt ion and +3 state of the copper ion are known to be difficult to stabilize, therefore, it may be logical to assign the oxidative responses as ligand-center based processes. (2) chromophore. The basicity of the anionic sp 2 -nitrogen center of L À is such that it stabilizes the cobalt ion preferentially in trivalent Co III state in 1 under atmospheric conditions. The strongly basic nature of L À in 1 is also reflected in observed highly negative and reversible Co III Co II couple ()10 V versus SCE). The complexes exhibit strong charge-transfer transitions in UV-Vis region. Although no spin-allowed d-d transition has been observed for both cobalt and copper complexes, the cobalt complex 1 displays one very weak spin-forbidden 1 A 1g ! 3 T 1g transition (e/M À1 cm À1 , 11]) at 955 nm which has so far been rarely observed in few other octahedral Co(III) systems.
Conclusion
Supplementary material
Crystallographic data for the structural analysis have been deposited with the CCDC Nos. 216980, 216979 and 216978 for compounds LH, 1 and 2, respectively. Supplementary data are available from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK Technology, Bombay for providing the NMR and EPR facilities.
